The gain and carrier temperature response of semiconductor laser media to picosecond optical pulses with various pulse energies is obtained by means of a model that is based on rate equations extended to include the carrier energy density equation. The temperature dynamics are obtained from the carrier energy density by use of a quasi-equilibrium Fermi-Dirac distribution. We study the cases of media whose prepulse states are strongly absorbing, transparent, and strongly amplifying at the frequency of the pulse. The results show that the various physical processes that influence the gain and carrier temperature contribute differently, depending on both the initial state of the medium and the pulse energy. In particular, the influence of free-carrier absorption and two-photon absorption on the dynamics of the carrier temperature and the gain coefficient is discussed in detail.
INTRODUCTION
During the past decade semiconductor gain dynamics on ultrashort time scales have become an important area of research. Interest in this subject has been fueled by experiments that study the response of semiconductor laser amplifiers to ultrashort (picosecond and shorter) optical pulses. In particular, these experiments [1] [2] [3] [4] [5] show gain nonlinearity, i.e., suppression and recovery of the gain of the order of a picosecond. This type of gain response is believed to be a result of the peculiar behavior of the carrier ensemble on short time scales, specifically, that of dynamic carrier heating; this belief is supported by theoretical calculations. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Although the carrier heating influence on gain dynamics has attracted much attention, the dynamic behavior of the carrier temperature is usually not a target of research. In most cases carrier temperature appears only as part of an ad hoc explanation of the nonlinear behavior of the gain. However, the efficiency of carrier heating by an external signal depends on the gain; furthermore, changes in the gain influence the carrier temperature. This feedback leads to interesting dynamic behavior of both the gain and the carrier temperature.
Note that carrier temperature dynamics are not the only way to describe carrier heating and its influence on gain in semiconductor laser diodes and other optoelectronic devices. In fact, the carrier temperature is often left out of the dynamic picture. This is the case when very short pulses (those less than 0.1-0.2 ps) are considered. These femtosecond pulses create non equilibrium carrier ensembles, in which the carrier temperature is not a meaningful physical parameter. Therefore it is reasonable to choose the microscopic description [17] [18] [19] [20] [21] [22] over a combination of rate and energy balance equations. 15, 16 The above arguments suggest the following limits for using the carrier temperature as a dynamic variable in a description of the gain dynamics on a short time scale: (i) The time scale should be long enough for the quasiequilibrium approximation to be reasonable (longer than ϳ0.1 ps); (ii) the approach based on carrier temperature dynamics should offer significant simplicity, in both the solution of the problem and the interpretation of results, as compared with the microscopic approach. With these limits the carrier temperature is a useful parameter in the description of the dynamics of semiconductor diode laser, amplifiers, and passive systems, and it deserves special attention from the points of view of both physics and applications.
In this paper the behavior of both the carrier temperature and the gain function, under the influence of external optical pulses with different energies is discussed. We focus on the differences in the dynamic response of absorbing, transparent, and amplifying media. Our theory is based on modified rate equations, including an equation for carrier energy density. 15, 16 The paper is organized as follows. The model equations and the gain func-tion are described in Section 2, while the relations among dynamic variables are discussed in Section 3. Section 4 presents the results of calculations and corresponding analysis. The results are summarized in Section 5.
MODIFIED RATE EQUATIONS
The dynamics of a semiconductor laser medium and its response to an external pulse can be described by rate equations for photon density, N p , carrier density, N, and carrier energy density, U:
where p is the photon lifetime, ⌫ is the confinement factor, gr is the group velocity, ␤ sp is the spontaneous emission factor, s is the spontaneous lifetime of carriers, s FCA is the free-carrier absorption (FCA) cross section, s TPA is the two-photon absorption (TPA) cross section, N px is the external pulse photon density, is the coupling coefficient, and g is the gain function (in cm
Ϫ1
). J is the effective carrier injection rate, given by J ϭ inj I/q e V, where inj is the efficiency of carrier injection, I is the bias current, q e is the elementary charge, and V is the active region volume. In Eq. (1b), s is the carrier recombination time, which is equal to the spontaneous lifetime of carriers s if we ignore nonradiative recombination processes and Auger recombination. Note that in Eqs. (1a) and (1b) it is assumed that the densities of electrons and holes are equal; they are denoted by N. In Eq. (1c), Q represents the pumping term. In general, it is an independent external factor. However, in some cases it is possible to express this term explicitly through the carrier and lattice temperatures, the injection current, or, in the case of optical pumping, the energy of the pumping pulse (see Section 3). The second term in Eq. (1c) represents carrier energy loss that is due to spontaneous recombination. This term is written in analogy with the spontaneous radiative recombination term in the carrier density equation. The third term accounts for the energy density relaxation that is due to interaction with the lattice. This term is assumed to be exponential with a characteristic time l determined by carrier-lattice interactions. The parameter U l is the carrier energy density at the temperature of the lattice [see Eq. (13) below]. The last three terms represent the major heating (or cooling) factors, namely, interband transitions, FCA, and TPA; ប is the photon energy. Equations (1) differ from the widely used rate equations for semiconductor lasers [23] [24] [25] [26] by virtue of the additional equation for the carrier energy density and the terms that account for TPA and FCA. The main function that links Eqs. (1) is the gain function. The free-carrier quasi-equilibrium theory in the two-band approximation leads to the following expression for the gain function:
where C 0 is a function that depends on the material parameters and the transition frequency, M is the transition matrix element, r is the reduced density of states, f is the Fermi distribution function, and e(h) and T e(h) are the electron (hole) chemical potential and temperature, respectively.
Thus the gain is a function of the transition frequency, the chemical potentials, and the temperatures of the electron and hole ensembles. The material parameters are functions of the lattice temperature T l . Therefore the gain function depends on the lattice temperature as well. Nevertheless, because of the higher heat capacity of the lattice as compared with that of the carrier ensembles, the lattice temperature changes more slowly than the carrier temperatures, and for sufficiently fast processes one can assume that T l is a constant.
The carrier temperatures appear in the gain function through the electron and hole distribution functions:
where k B is the Boltzmann constant. Choosing the top of the valence band to be the zero level of energy, one can write
where m ϭ m e m h /(m e ϩ m h ), m e(h) is the electron (hole) effective mass, and g is the bandgap energy. These relations lead to
At zero temperature the highest energy that the carriers can have is equal to their chemical potential:
For nonzero temperatures, Eq. (6) ͬͮ . (7) Note here that the argument of the second hyperbolic tangent is much smaller than that of the first because of the small electron-hole effective mass ratio (provided that the hole temperature is not much lower than the electron temperature, which is usually the case because the carrier ensembles interact with each other more effectively than with the lattice). This indicates that the gain function has a much weaker dependence on hole temperature variations than on electron temperature variations. As a result, the second term on the right-hand side of Eq. (3) can be neglected:
and one can also take the hole temperature to be equal to the electron temperature. Therefore, from this point on, it is sufficient to consider only the electron dynamics, and we drop the subscript index e. Using the previous argument, we can write the gain function [Eq. (2) ] in a simple form:
where G() is a function that needs to be specified for each particular case.
In our calculations we use the approach used by Rivlin and colleagues, 27, 28 which approximates the electron density of states near the band edge as an exponential. Then, with the same considerations that lead to relation (8) , the reduced density of states is well approximated by the electron density of states; therefore the gain function has the form of Eq. (9), with
for transitions from the band edge, including tail states.
Here n is the index of refraction, n gr is the group refractive index, and 0 ϵ (/ t )exp(Ϫ g / t ), where is the density of dopants and t is an empirical band tail parameter. In heterostructure lasers, where the active region is not necessarily doped, the parameter can also be considered an empirical parameter. The material parameters (refractive index, bandgap, etc.) may also depend on the lattice temperature or frequency. Although Eq. (10) is derived for homostructure lasers, it represents the temperature and frequency dependence of the gain function for heterostructure lasers very well. Figure 1 demonstrates the behavior of the gain [Eqs. (9) and (10)] in GaAs as a function of the photon energy for fixed temperature or chemical potential. When used in calculations of the dynamical behavior of semiconductor laser media, the gain function [Eq. (9)] intrinsically accounts for gain nonlinearity that is due to carrier heating because it reflects the carrier temperature dependence of the gain. The chemical potential is related to the carrier density through the integral
where is the density of states and is the carrier energy. For a given temperature, this relationship between the carrier density and the chemical potential allows us to describe the behavior of the chemical potential by using the carrier density equation (1b). However, the carrier temperatures are changing under the influence of external factors. The equations necessary to describe these changes can be obtained through energy balance among the carrier ensemble, the lattice, and the photons. The energy density of the carrier ensemble is defined by the integral
Using this expression, we can specify the expression for U l :
Equations (1), along with the expression for the gain function [Eq. (9)], constitute a closed set of equations. The dynamic variables N and U are related to and T through integrals (11) and (12) . For analysis of the dynamics, these relationships among variables must be derived for each particular case. The calculation of integrals (11) and (12), in general, does not lead to analytical expressions. The numerical solution of Eqs. (1), (9), (11), and (12) is a complicated problem. Therefore analytical expressions relating N, U, , and T are desirable because they significantly simplify the analysis.
RELATIONS AMONG DYNAMIC VARIABLES
In this section we consider for the medium a simple model that allows us to obtain the desired analytical expressions and to describe carrier temperature dynamics in semiconductor laser media (e.g., gain suppression due to carrier heating in semiconductor amplifiers 15, 16 ). Integrals (11) and (12) can be simplified with the assumptions that are used to obtain Eqs. (9) and (10) and with the following approximation for the Fermi-Dirac function 15, 16 : This approximation is more accurate for lower temperatures and is exact at 0 K. The resulting expressions for the electron ensemble are 15, 16 N͑, (16) where we introduce the dimensionless temperature ϭ k B T/ t . The pumping term in the energy density equation (1c) represents an effective energy flow that is due to carrier injection into the active region. It can be expressed explicitly through other dynamic variables by use of the following logic: Q is related to the pumping term J in the carrier density equation (1b) as U is related to N, i.e., through an expression similar to Eq. (16):
where l ϭ k B T l / t . Because the injected carriers interact with the lattice before reaching the active region, their temperature is the same as the lattice temperature; is determined as follows: Noting that the effective injection rate can also be presented as the loss rate of carriers from the adjacent region to the active region, we write J ϭ Ñ / s , where Ñ is the carrier density in the adjacent region. Now we use Eq. (15) to determine :
Substituting Eq. (18) in Eq. (17), we obtain
The analytical expressions presented above are accurate for low temperatures, T Ͻ t /k B . For a band tail parameter, t ϳ 20 meV, they are accurate for temperatures as high as ϳ230 K. For higher temperatures, the integral expressions (11) and (12) should be used instead of the analytical approximations (15) and (16) . Our analysis of gain and temperature dynamics, presented in Section 4, is based on solving Eqs. (1) with Eqs. (9), (10) , and (19) . The carrier temperature and chemical potential in Eq. (9) are found from Eqs. (15) and (16).
GAIN AND CARRIER TEMPERATURE DYNAMICS
The model without TPA, described in Sections 2 and 3, is used to investigate the gain and carrier temperature dynamics in semiconductor laser media. 15, 16 The investigation results in a straightforward physical description of the gain behavior observed in pump-probe experiments near the transparency region, particularly those of Ref. 3 . In this paper we focus on the response of the gain and carrier temperature to an external pulse, using material parameters relevant to GaAs. 29 We choose for our investigation a 1-m-thin sample that is assumed to be antireflection coated so that the medium is a single-pass system. For such a short sample (of length L), one can use the photon density equation (1) with p ϭ L/ gr ; for longer samples, the photon density equation should be replaced by a traveling-wave equation (see, e.g., Ref. 30 ). In our analysis we are interested in dynamics related to carrier heating effects, i.e., local carrier temperature deviation from the lattice temperature. The spatial behavior of the carrier temperature is irrelevant here, since the external pulse front always confronts a carrier ensemble unperturbed by the pulse itself. In addition, the carrier ensemble is not influenced by carriers from adjacent regions already heated by the pulse because the pulse travels much faster than the heat transfers. Thus, unless the pump-probe experiment is numerically simulated or pulse reshaping is considered, the short samples (those short enough to exclude propagation effects such as pulse reshaping) are convenient for the investigation of carrier temperature and gain coefficient dynamics because the analysis is not complicated by spatial effects.
The calculations are performed for a lattice temperature T l ϭ 70 K. The choice of low lattice temperature allows us to use the analytical expressions (15)- (19), which simplify the problem to ordinary differential equations. For high lattice temperatures, as was mentioned at the end of Section 3, the equations are integrodifferential, and a simple analysis is no longer possible. However, the qualitative picture that is obtained from this simple analysis can correctly describe the room-temperature behavior as well. This is evident from the comparison of the earlier results based on this model 16 and on the experiments reported in Refs. 1-5, most of which are carried out at room temperature. Indeed, the character of interactions that we are considering is similar for liquid nitrogen and room temperatures; only the numerical values of some parameters are different.
The bandgap narrowing due to many-body effects is accounted for by consideration of the bandgap energy as a function of carrier density according to the expression
where g ϭ 1.5077 eV. We use the following parameter values: photon energy ប ϭ 1.5 eV, spontaneous recombination time s ϭ 10 Ϫ9 s, energy density relaxation time l ϭ 5 ϫ 10 Ϫ13 s, band tail parameter t ϭ 20 meV, dopant concentration ϭ 10 18 cm Ϫ3 , refractive index n ϭ 3.319, group-velocity index n gr ϭ 4.0, spontaneous emission factor ␤ sp ϭ 10 Ϫ5 , and confinement factor ⌫ ϭ 0.3. The external pulse is coupled to the system by the coupling coefficient ; because our sample is antireflection coated, ϭ 1/ p .
The FCA cross section is chosen to be s FCA ϭ 5 ϫ 10 Ϫ18 cm 2 ; this value leads to 10 cm Ϫ1 FCA losses for N ϭ 2 ϫ 10 18 cm Ϫ3 , which is consistent with the values given in the literature. 32 The TPA cross section can be obtained from s TPA ϵ ␤ 2 gr ប, where ␤ 2 is the TPA coefficient, which is calculated with the expression found in Ref. 33 :
Here E p is a nearly material-independent constant equal to 21 eV and K is a material-independent constant equal to 1940 in units such that ␤ 2 is measured in centimeters per gigawatts. For given parameter values and g calculated according to Eq. (20), we obtain ␤ 2 ϳ 6.28 cm/GW. This is a considerable underestimation as compared with experimental results. 33, 34 To have more realistic values for our calculations we use Eq. (21) with K ϭ 9700, which gives ␤ 2 ϳ 31.4 cm/GW. These values are given only for orientation, because ␤ 2 is not a constant owing to dependence on g , which is a dynamic variable. Nevertheless, note that the value of ␤ 2 does not change significantly when the change in carrier density is within a couple of orders of magnitude.
We choose the lattice temperature as the initial condition for the carrier temperature in each numerical experiment. The steady-state values of all the dynamic variables before the arrival of the external pulse are determined by the carrier injection rate. By the proper choice of the injection one can make the sample absorbing, transparent, or amplifying. It is convenient to use, as a reference, the injection rate J 0 , which makes the sample transparent without any external signal. From Eq. (1b) we find the relationship between J 0 and the carrier density at transparency to be J 0 ϭ N tr / e , and, because in our model N tr is a dynamic variable, the value of J 0 depends on system parameters and is determined numerically. In particular, for the parameters given above, N tr Х 1.67 ϫ 10 18 cm Ϫ3 . The transparency condition here is identified formally with the condition of zero gain. However, because the FCA and the TPA are not included in the gain function, the sample appears to be transparent in response to the external optical signal only when there is a small amplification in the medium that compensates for the FCA, the TPA, and other minor losses. In other words, the sample must be slightly amplifying to exhibit zero net absorption, i.e., for the sample to return to its prepulse state immediately after the departure of the external pulse. In addition, because the transparency is achieved by compensation of FCA and TPA (as well as of interband absorption), which are dependent on the photon density, the external pulse energy and duration determine whether the sample will appear transparent.
The behavior of the amplifying medium is extensively studied both experimentally and theoretically [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] by means of diode laser amplifiers. Carrier dynamics in an absorbing medium are investigated by use of saturable absorbers (reverse-biased p-i-n structures). [35] [36] [37] In this study we focus on carrier temperature and gain dynamics in a forward-biased p-n structure for various carrier injection rates. We change the external pulse energy and monitor the state of the medium before and after the pulse as well as the gain and carrier temperature dynamics during the interaction. We use optical pulses with a Gaussian profile: (22) where ⌬ ϭ ⌬ FWHM /2ͱln 2. The value of W is determined through the pulse energy, which is calculated with E ϭ c • ប ͵͵͵ N px ͑ x, y, t ͒dxdydt, (23) where x and y are transverse coordinates. We assume that the external pulse cross section is larger than the transverse area of the active region so that the sample responds to an almost constant intensity profile. Therefore the energy injected into the sample by the external signal is
where s is the transverse area of the active region, which is assumed to be completely covered by the central part of the external pulse. Typical values for the transverse area of the active region are approximately 10 Ϫ8 -10 Ϫ9 cm 2 (Ref. 24 ). Generally, depending on carrier injection rate and pulse energy, we observe the following short-time behavior of the gain: (i) gain suppression in an amplifying medium; (ii) absorption enhancement both in a transparent medium and in an absorbing medium close to transparency; and (iii) absorption suppression in an absorbing medium far from transparency. The calculations show that in all these cases the suppression or enhancement is caused by substantial carrier heating and relaxes on the time scale of l . Our model is able to predict this variety of behavior by use of an approximate analytical expres- Fig. 2 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by 0.1-and 1.0-pJ pulses with (solid curve) and without (dotted curve) FCA and TPA in an initially absorbing ( g Ͻ 0) medium. sion for the gain function (see details in Ref. 16 ). All the behavior described above is consistent with experimental observations. [1] [2] [3] [4] [5] All the calculations described in this paper are performed with 0.5-ps (FWHM) pulses. For a fixed carrier injection rate, we change the external pulse energy and observe the dynamics. Then we choose another value for the carrier injection rate and repeat the calculations. The results presented in this paper are obtained by means of pulse energies E x ϭ 0.1, 1.0, 5.0, 25.0 pJ with injection rates J e ϭ 0.4 J 0 (absorbing medium: g Ͻ 0), J e ϭ 1.0 J 0 (transparent medium: g ϭ 0), and J e ϭ 1.6 J 0 (amplifying medium: g Ͼ 0). Note that E x is not the total energy of the external pulse but the energy of the portion of the pulse that overlaps the cross section of the active region of the sample. The parameters are chosen in such a way that during the calculations the values of all the dynamic variables remain within the limits of validity of the analytical expressions (15) and (16) .
In Figs (Figs. 3 and 4 below) , we include graphs that are obtained by including either FCA or TPA only. Note that all the figures show that the carrier temperature is higher than the lattice temperature even when the external signal is absent. This is a result of so-called recombination heating: increase in carrier temperature in a recombining degenerate Fermi ensemble. [38] [39] [40] The case of an initially absorbing medium is shown in Fig. 2 . Absorption suppression (the gain coefficient peak) caused by carrier heating is noticeable for the 0.1-pJ pulse [the lower curves in Fig. 2(a) ] and not for the 1.0-pJ pulse (the upper curves), although in both cases there is substantial carrier heating, as shown in Fig. 2(b) . The carrier temperature behavior is quite similar for both pulse energies; it is interesting that the 0.1-pJ pulse heats the carriers almost as effectively as the 1.0-pJ pulse. To understand this behavior we compare the carrier densities before (t ϭ Ϫ4 ps) and after (t ϭ ϩ5 ps) the external pulse. The carrier density changes from ϳ0.668 ϫ 10 18 cm Ϫ3 to ϳ0.763 ϫ 10 18 cm Ϫ3 for the 0.1-pJ pulse and to ϳ1.38 ϫ 10 18 cm Ϫ3 for the 1.0-pJ pulse. The 1.0-pJ pulse pumps more energy into the medium and produces a greater increase in the carrier density. However, this increase in carrier density tends to lower the carrier temperature because absorption involves cold carriers. As a result, we see ϳ2.5 times difference in peak carrier temperature changes (ϳ12 and ϳ30 K) for pulses with energies that differ by a factor of 10. The dotted curves in Fig. 2 represent the results of calculations without FCA and TPA. Note that in both cases the influence Fig. 3 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by a 0.1-pJ pulse with FCA and TPA (solid curve), without FCA (dashed curve), without TPA (dashed-dotted curve), and without both (dotted curve) in an initially transparent ( g ϭ 0) medium. Fig. 4 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by a 1-pJ pulse with FCA and TPA (solid curve), without FCA (dashed curve), without TPA (dashed-dotted curve), and without both (dotted curve) in an initially transparent ( g ϭ 0) medium.
of FCA and TPA on the gain behavior is negligible, although their effect on the carrier temperature behavior is more apparent.
For an initially transparent medium (Figs. 3 and 4) , the picture is quite different from that of an initially absorbing medium. Because the gain function is nearly zero, the only processes that can initially take place are FCA and TPA. The FCA makes states available at the band edge, and carrier-carrier scattering then leads to the establishment of a quasi-equilibrium ensemble with a higher temperature, i.e., fewer lower-energy levels and additional higher-energy levels are occupied. The TPA creates more carriers in the conduction band, but this process does not lead to an immediate increase in the gain function. This seemingly strange result has a simple explanation: The TPA creates hot carriers, which increases the average carrier temperature and thus leads to a lower value of the gain function (more absorption). The net result of these processes is an enhanced interband absorption, as is evident in Figs. 3(a) and 4(a) . Consequently, we observe a change in carrier density from ϳ1.671 ϫ 10 18 cm Ϫ3 to ϳ1.672 ϫ 10 18 cm Ϫ3 for the 0.1-pJ pulse and to ϳ1.708 ϫ 10 18 cm Ϫ3 for the 1.0-pJ pulse. In Figs.  3(b) and 4(b) , we can see that the higher-energy pulse produces a larger maximum deviation of the carrier temperature from the lattice temperature; the ratio of the maximum temperature deviations (ϳ9) is slightly less than the pulse energy ratio (10) . These results also indicate that a substantial part of the carrier heating in the transparent medium is due to FCA. The influence of TPA in this case is much smaller as compared with FCA; for the 0.1-pJ pulse (Fig. 3) , TPA is almost negligible.
The results for an initially amplifying medium show gain suppression accompanied by carrier heating (Fig. 5) . For both 0.1 and 1.0-pJ pulse energies, we obtain qualitatively similar behavior, and Fig. 5 demonstrates the results only for the 1.0-pJ pulse. The carrier density decreases from ϳ2.67 ϫ 10 18 cm Ϫ3 to ϳ2.48 ϫ 10 18 cm Ϫ3 and to ϳ2.04 ϫ 10 18 cm Ϫ3 for the 0.1-and 1.0-pJ pulses, respectively. In this case the influence of FCA and TPA is more noticeable; however, most of the carrier heating is due to interband transitions. Interband transitions here cause carrier heating because the carriers participating in these transitions are predominantly cold carriers. Thus the temperature of the carriers increases even though the total energy of the electronic ensemble decreases.
Next we apply pulses with energies E x ϭ 5.0, 25.0 pJ; the results are presented in Figs. 6-10 below. All the other parameters used in these calculations are the same as those used to obtain Figs. 2-5. Results for the transparent medium in this case are omitted because no remarkable differences from the results for low-energy pulses were observed; the behavior is qualitatively the same. In Figs. 6 and 7 we can see both quantitative and qualitative changes in the dynamic behavior of the gain and carrier temperature from that presented in Fig. 2 . Here the pulse energies are high enough to make the initially absorbing medium amplifying, and vice versa. For Fig. 5 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by a 1-pJ pulse with FCA and TPA (solid curve), and without both (dotted curve) in an initially amplifying ( g Ͼ 0) medium. Fig. 6 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by a 5-pJ pulse with FCA and TPA (solid curve), without FCA (dashed curve), without TPA (dashed-dotted curve), and without both (dotted curve) in an initially absorbing ( g Ͻ 0) medium. the absorbing medium (Figs. 6 and 7) , the gain first reaches a plateau near the transparency region before becoming amplifying. For the amplifying medium (Figs. 8  and 9 ), we can see the usual gain suppression; however, while the 5.0-pJ pulse is amplified, the 25-pJ pulse actually experiences absorption [as is evident from the change in the carrier density before and after the pulse (see Fig.  10 and the numbers given immediately below)]. This is explained by the fact that the 25-pJ pulse saturates the gain faster than the 5.0-pJ pulse and by the fact that a substantial part of the 25-pJ pulse interacts with an absorbing medium rather than an amplifying medium. The carrier densities change from ϳ2.67 ϫ 10 18 cm Ϫ3 to ϳ2.1 ϫ 10 18 cm Ϫ3 for the 5-pJ pulse and to ϳ3.59 ϫ 10 18 cm Ϫ3 for the 25-pJ pulse. FCA and TPA are both playing significant roles in the gain and carrier temperature dynamics. Whereas FCA has more influence for the 5-pJ pulse, TPA is dominating for the 25-pJ pulse. This is consistent with the fact that, whereas TPA is a quadratic function of the photon density, FCA is a linear function of the photon density.
The most unexpected behavior observed for higher pulse energies is the double-peak behavior of the carrier temperature for the absorbing medium of Figs. 6(b) and 7(b). The carrier cooling and reheating is different from the single-peak temperature behavior observed when lower external pulse energies are applied [Figs. 2(b)-5(b)], i.e. the temperature behavior changes qualitatively when the applied pulse has energy enough to bleach the sample. A second temperature peak appears, and its amplitude increases with increasing pulse energy. To our knowledge, this is the first report on this type of behavior of carrier temperature, so we shall discuss it in more detail. In particular, we are interested in the processes that lead to this type of behavior.
As we can see from the results described above, the carrier temperature increases owing to the energy influx that occurs through interband absorption, FCA, and TPA. Also, the carrier temperature can be affected by a change in the carrier density. More carriers also mean less energy per particle, and the temperature, as a measure of average energy, may decrease. While interband absorption brings energy to the system, it also increases the carrier density. This may decrease the temperature even though the total carrier energy is increased. FCA does not change the carrier density, but it increases the total energy of the system; thus it is always a heating factor. TPA changes the carrier density, but it creates only hot carriers. Although radiation takes energy away from the carrier ensemble, it also takes away cold carriers, thus leading to higher temperatures.
To understand the source of the second peak in the temperature response shown in Figs. 6(b) and 7(b), we should identify those processes that are significantly different in this case as compared with cases that show a single temperature peak. The second peak appears only in the case of an absorbing medium far from transparency when the pulse energy is high enough to bleach the me- Fig. 7 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by a 25-pJ pulse with FCA and TPA (solid curve), without FCA (dashed curve), without TPA (dashed-dotted curve), and without both (dotted curve) in an initially absorbing ( g Ͻ 0) medium. dium; hence we are dealing with substantial changes in both carrier and photon densities. FCA is proportional to both carrier and photon densities, and, therefore, in this case the efficiency of FCA is much higher than in the other cases. TPA also experiences significant growth in efficiency, since it is proportional to the square of the photon density. So we expect both FCA and TPA to be responsible for the double-peak behavior. This thesis is supported by the results obtained when both FCA and TPA are eliminated artificially from the numerical experiment setting s FCA ϭ s TPA ϭ 0. As can be seen, interband transitions dominate the early dynamics but become less important after the gain reaches the plateau near the transparency region [see Figs. 6(a) and 7(a)]. At this point the cooling effect due to the increased number of carriers overcomes the heating effect due to the energy influx, and we see a decrease in temperature. When the medium becomes transparent and the interband absorption stops, the carrier temperature relaxes owing to interaction with the lattice (phonon emission). Note that, without both FCA and TPA, the gain function remains close to the transparency region (dotted curves in Figs. 6 and 7), although carrier cooling leads to a slight increase in the gain function afterward. However, when either FCA or TPA is present (dotted-dashed or dashed curves in Figs. 6 and 7), the second peak appears in the temperature graphs. Furthermore, the first peak appears in the absorption region when the pulse is partially absorbed and the dominant heating factor is the (single-photon) absorption (note the small difference at the first peak between the curves showing the cases with and without FCA and TPA). The second peak appears when the pulse is completely absorbed and when the medium is in the transparency region where the FCA and TPA are the dominant heating mechanisms. As in the case of the amplifying sample, for the 5-pJ pulse, FCA is dominant; for the 25-pJ pulse, TPA has more influence. Finally, the medium becomes amplifying when the carriers cool down. With FCA and TPA the medium absorbs more, increasing carrier density. The FCA does not change the carrier density by itself; however, it assists the single-photon absorption by making electronic states available at the bottom of the energy band.
Another observation that we would like to point out is the noncumulative influence of FCA and TPA. The maximum carrier temperature change that is due to the total heating effect of FCA and TPA is less than the sum of the changes obtained when only FCA or TPA is included. They both are independent heating factors; however, they heat the carrier ensemble more efficiently when they act separately. This is especially evident for high-energy pulses when FCA and TPA have quantitatively similar effects. Both FCA and TPA create carriers in the same region of the energy levels in the conduction bandapproximately ប above the band edge. Having more carriers in this region leads to lower probabilities of transitions from the band edge (FCA) and from the valence Fig. 9 . Behavior of (a) the dimensionless gain coefficient and of (b) the carrier temperature, influenced by a 25-pJ pulse with FCA and TPA (solid curve), without FCA (dashed curve), without TPA (dashed-dotted curve) and without both (dotted curve) in an initially amplifying ( g Ͼ 0) medium. band (TPA). Thus in this context FCA and TPA are selfand mutually saturating processes.
Finally, we note that, although the bandgap energy is a function of carrier density that is due to many-body effects [see Eq. (20) ], this dependence does not noticeably affect the dynamic behavior of the gain and the carrier temperature for pulse energies considered in this study. Higher pulse energies and, hence, more dramatic changes in the carrier density are expected to have a more visible influence on dynamic variables.
SUMMARY
Using a model that is based on modified rate equations, we have considered the dynamic behavior of the gain and carrier temperature in a short semiconductor medium subject to external optical pulses on a picosecond time scale. Our model gives a simple description of the dynamics and allows for a clear physical interpretation. The rate equations for photon and carrier densities are modified to include a third rate equation for the energy density and to allow for the use of an analytical approximation for the complex dependence of the gain on the chemical potential and temperature of the carriers. The model relies on the assumption of a quasi-equilibrium Fermi-Dirac carrier distribution and, therefore, all of the dynamic behavior is a result of the interactions of the quasi-equilibrium carrier ensemble with the external pulse and the lattice. We are effectively treating the carrier temperature as a dynamic variable.
Nonequilibrium processes such as spectral hole burning are not present in this model; their effect becomes significant on the femtosecond time scale. 19 We study the cases for media whose prepulse states are strongly absorbing, transparent, and strongly amplifying at the frequency of the pulse. The results show that the various physical processes that influence the gain and the carrier temperature contribute differently, depending on both the initial state of the medium and the pulse energy. In particular, we note the competing effects associated with the pulse's changing the energy density and the carrier density simultaneously. We also point out how FCA and TPA can dominate when the gain is near the transparency region. This domination leads to an initial gain suppression followed by gain enhancement that is due to interband absorption made possible by FCA and TPA, as shown in Fig. 5 . It can also lead to a double peak in the carrier temperature response and a plateau followed by an increase in the gain, as shown and explained in Figs. 6 and 7, where the contributions of FCA and TPA are made explicit. Although FCA and TPA are both heating factors, their influence is noncumulative.
The results presented in this paper can be verified with existing experimental techniques. 41 Additional controllable signals can be used to provide more-accurate information about the gain and carrier temperature dynamics.
